Flagellum-mediated motility of Vibrio fischeri is an essential factor in the bacterium's ability to colonize its host, the Hawaiian squid Euprymna scolopes. To begin characterizing the nature of the flagellar regulon, we have cloned a gene, designated flrA, from V. fischeri that encodes a putative 54 -dependent transcriptional activator. Genetic arrangement of the flrA locus in V. fischeri is similar to motility master-regulator operons of Vibrio cholerae and Vibrio parahaemolyticus. In addition, examination of regulatory regions of a number of flagellar operons in V. fischeri revealed apparent 54 recognition motifs, suggesting that the flagellar regulatory hierarchy is controlled by a similar mechanism to that described in V. cholerae. However, in contrast to its closest known relatives, flrA mutant strains of V. fischeri ES114 were completely abolished in swimming capability. Although flrA provided in trans restored motility to the flrA mutant, the complemented strain was unable to reach wild-type levels of symbiotic colonization in juvenile squid, suggesting a possible role for the proper expression of FlrA in regulating symbiotic colonization factors in addition to those required for motility. Comparative RNA arbitrarily primed PCR analysis of the flrA mutant and its wild-type parent revealed several differentially expressed transcripts. These results define a regulon that includes both flagellar structural genes and other genes apparently not involved in flagellum elaboration or function. Thus, the transcriptional activator FlrA plays an essential role in regulating motility, and apparently in modulating other symbiotic functions, in V. fischeri.
Animals and plants are hosts to both beneficial and pathogenic microorganisms that are typically acquired directly from their environment. Bacterial motility often plays a role in host associations, not only by enabling these microbes to gain access to desired tissues but also through a coordinated regulation of motility and other specific colonization factors. In certain pathogens, cues in the host environment elicit a bacterial response that both stimulates the production of virulence genes and represses the synthesis of those genes that encode functions no longer required for host colonization (e.g., motility) (11, 18) . Additionally, the transcription of certain motility and virulence genes is known to be reciprocally coordinated directly through the flagellar regulon (3, 16, 17, 46) , and the type III flagellar secretion apparatus has been shown to export virulence proteins (15, 61) . Whereas in many pathogenic bacteria virulence and motility are intimately linked (reviewed in references 28 and 41), a similar relationship has not been reported in a benign association between a bacterium and its animal host.
Vibrio fischeri is the specific bacterial symbiont of the Hawaiian squid Euprymna scolopes. Symbiotic strains of V. fischeri are acquired from the environment early during the juvenile stage of E. scolopes development and are maintained within a specialized light-emitting organ whose development is triggered by the presence of the bacteria (34) . Bioluminescent V. fischeri cells are housed extracellularly within three pairs of crypt spaces inside this organ, which is present throughout the life of the animal. These bacteria are thought to benefit their host by providing a source of light, which is used as a camouflage for the animal's night-foraging behavior. A program of bacterium-induced changes in development of the host has been described (37) , and at least some of the bacterial signals that trigger these changes have been identified (14, 39) . Similarly, several bacterial factors required for normal colonization and symbiotic competence have been elucidated (1, 12, 19-21, 55, 57, 59) .
Concurrent with host developmental changes, symbiotic V. fischeri cells appear to adapt to their host environment through changes both in gene expression (K. L. Visick and E. G. Ruby, Abstr. Gen. Meet. Am. Soc. Microbiol. 1998 Microbiol. , p. 277, 1998 and in morphology (45) . Cells of V. fischeri isolated from the adult light organ are morphologically dissimilar to cells grown in culture: the symbiotic cells are typically smaller and aflagellate (45) . The latter effect was hypothesized to result from a general repression of flagellum elaboration within the first 24 h of colonization and was rapidly reversed once the bacteria were removed from the light-organ environment. Subsequently, work using transposon-derived mutants defined the role of motility in host colonization; nonmotile and nonflagellated mutants cannot initiate an infection of the squid light organ (19) . To further investigate the role of motility in colonization, spontaneous mutant strains of V. fischeri with altered migration patterns were isolated and found to be limited in their ability to colonize E. scolopes (36) . Furthermore, a subset of these strains contained additional phenotypic defects seemingly unrelated to motility, thereby suggesting that the flagellar regulon in V. fischeri comprises nonflagellar genes as well as those required for motility. Thus, because flagellum synthesis appears to be down-regulated (45) , although as shown here not entirely repressed, when V. fischeri cells are within the light-organ environment, motility and other symbiotic colonization genes may be coordinately regulated in an inverse manner, similar to that described for pathogenic associations.
In many bacterial species, flagellar gene transcription occurs in a regulatory hierarchy in which the expression of late genes (i.e., class III or IV) is dependent on the expression of early ones (i.e., class I or II). The entire flagellar regulon is ultimately dependent on a master regulator. This mechanism of regulation ensures that the secretion apparatus is functioning prior to transcription of the late flagellin and chemotaxis genes. In Vibrio cholerae, the 54 -dependent transcriptional activator FlrA is the sole class I gene (42) . FlrA is required for expression of the class II genes including (i) FlrC, a second 54 -dependent activator; (ii) FliA, the alternative flagellar sigma factor 28 ; and (iii) components of the flagellar basal body's MS ring-switch complex. FlrC and 28 must be present for the expression of class III and class IV genes, respectively, which together encode the remainder of the basal body, hook structure, and flagellin subunits. Thus, flagellar transcription in V. cholerae (and likely the closely related Vibrio parahaemolyticus [33, 52] ) occurs by a novel mechanism that includes features of both the 54 -and 28 -dependent flagellar transcription hierarchies of Caulobacter crescentus (60) and Salmonella enterica serovar Typhimurium (32), respectively.
We are interested in how signals within the light-organ environment are processed and integrated by V. fischeri to stimulate or repress the production of flagella and nonflagellar symbiotic factors. In this study, we have begun to identify components of the flagellar regulon whose expression is dependent on a master regulator (FlrA homolog) in V. fischeri. This first demonstration of transcriptional control of V. fischeri flagellar gene expression will serve as a basis for future investigations that should lead to elucidation of the regulatory hierarchies that govern flagellum synthesis in V. fischeri.
MATERIALS AND METHODS
Bacterial strains, media, and reagents. Wild-type V. fischeri strain ES114, isolated from E. scolopes (7) , was used as the parent strain (Table 1) . Escherichia coli strains DH5␣ (22) and CC118pir (26) were used as hosts for plasmids with ColE1 and R6K replication origins, respectively. Mobilizable plasmid pKV111 containing a red-shifted green fluorescent protein (GFP) derivative (49) was used to label V. fischeri cells for confocal laser-scanning microscopy. V. fischeri cells were grown at 28°C in either SWT medium (7), which contains 0.5% tryptone, 0.3% yeast extract, and 0.3% glycerol in 70% seawater, or LBS medium, which contains 1% tryptone, 0.5% yeast extract, 2% NaCl, and 20 mM Tris-hydrochloride (pH 7.4). Chemotaxis and motility studies were performed with either SWT or tryptone medium, which contained 1% tryptone, 2% NaCl, and 20 mM Tris-hydrochloride (pH 7.4). Agar was added to 1.5% for solid media or to between 0.3 and 0.7% for motility media. To maintain plasmids in V. fischeri, the chloramphenicol (Cm) concentration was used at concentrations of 5 g ml Ϫ1 of culture medium or 2 g ml Ϫ1 of seawater for squid colonization experiments. For selection of single recombinants, kanamycin (Kn) was added at a concentration of 100 g ml Ϫ1 of culture medium. When added to LB medium (35) for the selection of E. coli, Kn and Cm were used at concentrations of 100 and 20 g ml Ϫ1 , respectively. All chemicals were obtained from Sigma Chemical Co. (St. Louis, Mo.). Restriction enzymes and DNA ligase were obtained from New England Biolabs (Beverly, Mass.). AmpliTaq DNA polymerase was obtained from Perkin-Elmer (Branchburg, N.J.). Oligonucleotides were synthesized by Operon Technologies, Inc. (Alameda, Calif.).
Molecular genetic techniques and sequence analysis. Chromosomal and plasmid DNA were isolated and purified using Qiagen spin columns following the manufacturer's suggestions (Qiagen, Valencia, Calif.). For Southern analyses, 5 g of NheI-or HindIII-digested chromosomal DNA was separated by electrophoresis and transferred to Hybond nylon membrane (Boehringer Mannheim, Indianapolis, Ind.). Blots were hybridized with the probe overnight at 65°C, and the membranes were washed under high-stringency conditions (two 20-min washes in a solution of 0.03 M sodium citrate, 0.03 M sodium chloride, and 0.1% sodium dodecyl sulfate; pH 7.0; at 65°C), and developed using the chemiluminescent substrate CDP-Star (Boehringer Mannheim). DNA sequencing was conducted on an ABI automated DNA sequencer at the University of Hawaii Biotechnology/Molecular Biology Instrumentation Training Facility. Overlapping contiguous sequences were mapped using Sequencher (Gene Codes Corp., Ann Arbor, Mich.) and DNA Strider programs. Sequence analysis was performed using the BLAST program for database searches and the National Center for Biotechnology Information conserved-domain search program (2) . Multiple sequence alignments were performed using the ClustalW program (54) . Consensus binding sequences for NtrC, 70 , 54 , and 28 were obtained from previous reports (5, 23, 25) . To detect promoter binding sequences in upstream regions of flrA-regulated genes, the BioProspector program was used (31) .
Cloning, sequence analysis, and disruption of flrA. Degenerate oligonucleotide primers for PCR were designed using alignments of the predicted amino acid sequences of V. cholerae flrA, V. parahaemolyticus flaK, and Pseudomonas aeruginosa fleQ (GenBank accession numbers AF014113, AF069392, and AE004540, respectively). PCR was performed as follows: 30 cycles of 95°C for 1 min, 52°C for 1 min, and 72°C for 1 min, followed by a 10-min extension at 72°C. The resulting 541-bp fragment was cloned (resulting in pDM56), sequenced to confirm its similarity to flrA and flaK, and used subsequently as a probe. A library of NheI-digested chromosomal fragments of between 5 and 6 kb was created by purifying the fragments from an agarose gel, using the Qiagen gel extraction kit and ligating them into the suicide vector pEVS79 (51), which had been similarly digested. A clone, pDM57, containing the desired flrA-containing NheI fragment, was identified by PCR and Southern analysis as described above, and the sequence of both DNA strands was determined. Flanking sequence corresponding to the flrC gene was obtained from the V. fischeri genome sequencing project colonies, screened by restriction-digest analysis, and sequenced to confirm the location and orientation of the transposon insertion. Several clones that contained an insertion within the flrA gene were moved into wild-type V. fischeri cells by conjugal mating as previously described (51). The flrA::Kn r alleles from three of these clones, pDM57-6, pDM57-5, and pDM57-13, which were found to contain an insertion within the flrA gene at codon positions 74, 139, and 273, respectively, were crossed into the chromosome of ES114 by marker exchange, generating strains DM126, DM127, and DM128, respectively (Table 1 ). An in-frame flrA deletion strain was constructed using the suicide plasmid pDM108, which contains the NheI fragment from pDM57, in which the DNA located between the two HpaI sites (547 nucleotides) has been removed ( Fig. 1) . For complementation studies, a PstI/SacI fragment containing the entire flrA gene and a portion of the downstream open reading frame (ORF) were cloned into plasmid pVO8 (56) , which had been similarly digested, resulting in pDM58. The reverse-complemented strain, DM132, was created by introducing plasmid pDM57 (containing a wild-type copy of flrA) into strain DM126, selecting for Cm-and Kn-resistant single recombinants, and subsequently screening for sensitivity to both antibiotics. PCR and Southern blotting as described above confirmed the presence and location of chromosomal insertions or deletions.
Motility assays. Motility was measured by the movement of bacterial cells through SWT medium containing between 0.3 and 0.7% agar. The optical density at 600 nm was determined for mid-exponential-phase cultures of each strain used. Equal numbers of cells in 2 l of medium were spotted at the centers of the plates, and the rate of movement was determined over several hours by measuring the diameter of the halo of cells that developed.
Electron microscopy. V. fischeri cells were prepared for examination by transmission electron microscopy as described previously (36) . Briefly, Formvarcoated copper grids (Ted Pella Co., Tustin, Calif.) were floated on suspensions of cells grown to mid-exponential phase (optical density ϭ 0.4) in SWT medium and then transferred to a drop of fixative solution (2.5% glutaraldehyde and 2.5% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4) for 10 min. The grids were washed twice with Nanopure (Millipore Corp., New Bedford, Mass.) water for 30 s and negatively stained for 1 min with freshly prepared and filtered 1% uranyl acetate. Grids were examined using a LEO 912 EF electron microscope at 100 kV of accelerating voltage.
Squid colonization. Juvenile E. scolopes organisms were exposed to V. fischeri within 3 h of hatching as described previously (7), with several modifications. Animals were exposed to 4 ml of seawater containing between 4 ϫ 10 3 and 2 ϫ 10 4 cells of either the wild-type strain ES114 or the flrA mutant strain DM126, carrying either pVO8 (vector control) or pDM58 (flrA). Levels of colonization were determined indirectly by measuring the development of animal luminescence using an automated photometer (36) . To visualize cells during the early stages of colonization, newly hatched squid were exposed to 4 ϫ 10 5 cells of either the wild-type or the flrA mutant strain carrying the plasmid pKV111 (gfp). Beginning at 3 h postinoculation, animals were anaesthetized and viewed by confocal microscopy (36) . Experiments to visualize motility behavior were performed as described above, except that animals were viewed by confocal microscopy to determine the location of bacteria, while their movement was determined by epifluorescence microscopy of living, whole-animal preparations.
RNA preparations. Cells from exponential-phase cultures of different V. fischeri strains were harvested, and RNA was extracted by using RNAzol B (TelTest, Friendswood, Tex.), a guanidinium thiocyanate-phenol-based reagent, according to the manufacturer's instructions. RNA concentration was determined using a UV spectrophotometer, and its quality was assessed on an agarose gel prior to experiments.
RAP-PCR. RNA arbitrarily primed PCR (RAP-PCR) was performed essentially as described previously (6) except that a mixture of 10-mer oligonucleotides with G:C contents of 50% were used as arbitrary primers (Genosys Biotechnologies, The Woodlands, Tex.). Following identification of putative regulated fragments, 32 P-labeled DNA bands of interest were excised from the dried gel by using a scalpel and placed into a microcentrifuge tube containing 50 l of Tris buffer (10 mM Tris-HCl, 1 mM EDTA; pH 8.0) for overnight elution at room temperature. A portion of the eluted fragment was used in a subsequent PCR containing the original primers used in RAP-PCR amplification. Following this secondary PCR, fragments were cloned using the TOPO-TA cloning kit (Invitrogen, Carlsbad, Calif.) according to the manufacturer's instructions. Clones containing inserts of the predicted size were then sequenced to determine their orientation and homology.
Confirmation of FlrA-regulated genes by quantitative RT-PCR. Quantitative PCR was performed by amplifying a portion of each gene corresponding to the putative differentially expressed RAP products. One nanogram of total RNA isolated from either ES114 or DM126 was the substrate in reverse transcription-PCR (RT-PCR) using either Access RT-PCR (Promega, Madison, Wis.) or TaqMan (Perkin-Elmer). Three-step reactions were 40 cycles of 95°C for 15 s, 58°C for 5 s, and 72°C for 10 s, and the formation of products was monitored continuously during the 72°C incubation step. Standard curves were generated using serial dilutions of plasmid DNA-containing sequence of the individual RAP products (pDM84 for hvnC, pDM85 for topB, and pDM86 for flaE). Quantitative reactions were repeated a minimum of three times with independent RNA extracts. A semiquantitative analysis was performed in which serial dilutions of templates were used in RT-PCRs.
Nucleotide sequence accession number. The DNA sequence of the flrA locus reported here has been submitted to GenBank, and its accession number is AY142201. The V. fischeri DNA sequence of FlrC and flagellar promoters can be obtained from the V. fischeri genomic sequencing project website at http://ergo .integratedgenomics.com/Genomes/VFI. 
RESULTS
Motility behavior of V. fischeri cells during colonization of E. scolopes. Because V. fischeri must use flagellum-mediated motility to initiate colonization of E. scolopes, we were interested in determining whether symbiotic V. fischeri cells retain flagellar structure and function in the light organ. Confocal microscopy of GFP-expressing cells of V. fischeri revealed that 45% of animals that had been colonized for over 12 h contained motile bacteria within the deep regions of one or more of the three pairs of light-organ crypts. Motile cells were observed most often (15 of 37 animals) in crypt 3, possibly due to the easier visualization of bacteria within this crypt, which is more superficially located (38) . The presence of motile cells was always observed in at least a subset of animals that were colonized for 12, 24, and 35 h. In fact, at 36 h postinoculation, motile cells could be seen in almost half of the colonized animals, suggesting that a subset of the populating cells continues to express motility genes and their products even after the colonization has become well established.
Identification and characterization of a motility master regulator from V. fischeri. Expression of motility genes is often regulated through a transcriptional hierarchy that is ultimately controlled by a master regulator (e.g., FlrA in V. cholerae). In this study we determined whether a FlrA-like protein similarly controls flagellar synthesis in V. fischeri. A flrA homolog from V. fischeri was identified using PCR with degenerate oligonucleotide primers designed to recognize sequences coding for conserved residues of 54 transcriptional regulators (PCR primers DM13 and DM15) ( Fig. 1 and 2) . A 541-bp fragment was amplified from chromosomal DNA of V. fischeri, and its sequence was found to be similar to those encoding NtrC-like transcriptional activators. The amplified fragment was labeled and used as a probe in Southern analysis to identify a 4.9-kb NheI fragment of V. fischeri DNA. Sequence analysis of the NheI fragment in pDM57 revealed the presence of several ORFs, including the NtrC-like one (Fig. 1) . This ORF potentially encodes a polypeptide of 493 amino acids with a calculated molecular mass of approximately 55,363 Da. Analysis of the predicted amino acid sequence revealed a putative 54 interaction domain located between amino acids 137 and 356 that also contains an ATP-binding motif typical of 54 -dependent activators (Fig. 2) . A possible helix-turn-helix DNA-binding domain characteristic of transcriptional regulators also was identified in the C-terminal region of the predicted protein (Fig. 2) . Analysis of the surrounding regions revealed the presence of additional flagellar gene homologs (Fig. 1) ; thus, this ORF was designated flrA (for flagellar regulator protein A), following the nomenclature used to describe the homolog in V. cholerae. The predicted amino acid sequence of FlrA could be aligned with the flagellar regulators FlrA of V. cholerae (68% identity), FlaK of V. parahaemolyticus (69% identity), and FleQ of P. aeruginosa (67% identity) (Fig. 2) . Analysis of the hydropathic characteristics of the FlrA protein by the method of Kyte and Doolittle (30) , using the PSORT program, suggested that FlrA is hydrophilic, lacking any long stretches of hydrophobic residues characteristic of transmembrane segments. Therefore, we predict that FlrA, like its counterparts, is a soluble, cytoplasmic protein.
Downstream of flrA was a putative operon containing two ORFs ( Fig. 1) 28 binding. In contrast, examination of the predicted promoter region upstream of flrB revealed a possible 54 -binding consensus sequence that is similar to that found upstream of flrB in V. cholerae, flaK in V. parahaemolyticus, and fleQ in P. aeruginosa (Fig. 3) . The proposed 54 -binding sequence of V. fischeri flrB varies from the consensus sequence at only 3 of 12 nucleotide positions (Fig. 3) . In addition, we searched the available genome sequence of V. fischeri upstream of predicted flagellar operons and identified those genes that are similarly preceded by putative 54 recognition motifs. Such predicted promoters were found upstream of homologs of genes that are known in V. cholerae to be activated by the transcriptional regulatory proteins FlrA or FlrC, both of which require 54 for activity (Fig. 3) . Thus, by analogy, transcription of these flagellar operons is likely to be controlled by a similar mechanism in V. fischeri.
Construction and analysis of flrA mutant strains. To determine whether FlrA functions as a motility regulator in V. fischeri, chromosomal flrA mutants were constructed in V. fischeri ES114 by gene replacement. Three mutants, DM126, DM127, and DM128 (Table 1) , were marked with a Kn r cassette at unique sites and in different orientations (Fig. 1) relative to flrA (in the same direction of transcription in strain DM126 and in the reverse orientation in DM127 and DM128). An in-frame deletion strain, DM159, was constructed by removing approximately 40% of the gene sequence, including the region corresponding to the predicted ATP-binding site and conserved central domain essential for FlrA function. The mutant flrA alleles of these strains were confirmed by Southern blot analysis (data not shown). The flrA mutant strains of V. fischeri, unlike those in V. cholerae and V. parahaemolyticus, were nonmotile in soft agar motility plates even after an extended incubation of 5 days at 24°C (Fig. 4A) . Furthermore, motile cells were never observed when the flrA mutant strains were viewed by light microscopy. Transmission electron microscopy confirmed that the loss of motility was due to an inability to synthesize flagella and that flrA mutant cells are otherwise morphologically similar to wild-type cells (Fig. 4B and C confirm that the nonmotile phenotype of the flrA strains was indeed due to inactivation of the flrA gene, a wild-type copy of this gene was introduced into the flrA mutant strains DM126 and DM159 on pDM58. Both motility and flagellum synthesis was restored by the flrA gene provided in trans, while the vector alone (pVO8) did not complement (Fig. 4A and data not shown). Furthermore, transmission electron microscopy analysis revealed that the number and length of flagella produced by the complemented mutant strain DM126 was indistinguishable from that produced by wild-type cells (data not shown). Because altered motility behavior in 0.7% agar confers a disadvantage in squid colonization (36), we confirmed that the complemented mutant strain displayed the same rate of movement as the wild type in motility plates containing between 0.3 and 0.7% agar ( Fig. 4A ; data for 0.4 to 0.7% agar are not shown). Complementation of the additional flrA mutant strains (DM127, DM128, and DM159) gave similar results. Thus, we did not find evidence for any difference in motility behavior among the complemented flrA mutant and wild-type strains. Light-organ colonization assays. As expected, the flrA mutant DM126 was unable to initiate light-organ colonization (data not shown) even when presented to juvenile animals at Presumably, these events did not result in sustained colonization, perhaps because these early colonizers are subsequently eliminated (39) . Because a wild-type copy of flrA provided in trans could restore normal motility to the flrA mutant (Fig. 4) , we determined whether complementation of motility was enough to restore wild-type levels of colonization. When grown in culture, the luminescence and growth of strain DM126, or DM126 carrying either pVO8 or pDM58, were identical to those of wild-type cells (data not shown). However, when animals were exposed to the flrA mutant strain DM126 carrying pDM58, the complemented mutant was delayed in colonization and was unable to achieve either the levels of luminescence or colonization characteristic of the wild-type strain (Fig. 5 and Table  2 ). Similarly, the in-frame deletion strain carrying pDM58 was impaired in its ability to colonize (Table 2 ). In contrast, wildtype strain ES114 carrying either pDM58 or pVO8 colonized animals normally. The complemented mutants were also less effective at initiating colonization; fewer than one half of the animals exposed to the complementing mutant strains became luminous over a 60-h time period (Table 2 ). In contrast, the reverse-complemented mutant DM132, with its single chromosomal copy of flrA, achieved wild-type levels of colonization (data not shown). These results suggest that colonization by V. fischeri is dependent on either the proper location or copy number of the flrA gene.
Identification of FlrA-regulated genes by RAP-PCR fingerprinting of RNA. Because we were interested in the possibility that FlrA regulates additional colonization factors, we utilized a differential display approach to search for FlrA-regulated genes. Total RNA isolated from strains ES114 and DM126 grown in the laboratory to the exponential phase was subjected to RAP-PCR. Analyses using six unique primer combinations yielded a total of 69 clearly visible PCR products, 17 of which were differentially expressed. Of these, eight were isolated from the RAP-PCR polyacrylamide gel (e.g., Fig. 6 ) and subjected to further analysis as described in Materials and Methods. Eight of the differentially expressed transcripts (RAP1 to RAP8) were sequenced and analyzed for homologs in the database (Table 3) . To confirm the results obtained with RAP-PCR, we performed quantitative and semiquantitative RT-PCR using gene-specific PCR primers on three of the transcripts. The pattern of FlrA-regulated gene expression matched that seen in the original RAP-PCR analysis (Table 3) , although with RAP3 and RAP4 differential expression was found to be low and variable. Examination of the upstream regions of the predicted RAP-PCR products showed no evidence for known regulatory sequences.
Four products were induced in the presence of FlrA. RAP1 and RAP2 encode polypeptides that are homologous to flagel- lin subunit proteins (FlaE). RAP3 and RAP4 contained overlapping sequences that are homologous to the topoisomerase III protein, TopB, of V. cholerae (24) . In contrast, four other RAP products were induced in the absence of FlrA. RAP5 and RAP6 contained overlapping sequences predicted to encode a homolog of two previously identified halovibrins of V. fischeri (50) . RAP7 contained sequence homologous to the amino terminus of the glycolytic enzyme phosphoglycerate kinase, pgk. The RAP7 transcript contained sequence that aligned with approximately 189 nucleotides upstream of the predicted start site for pgk, including a predicted intergenic region and 15 nucleotides of the upstream coding region predicted to be D-erythrose-4-phosphate dehydrogenase. Thus, these ORFs are probably cotranscribed as in other organisms (9) . Finally, RAP8 was predicted to encode a polypeptide similar to the glutathione-regulated potassium efflux system protein (KefB) of V. cholerae (24) .
DISCUSSION
Studies using nonmotile mutants of V. fischeri have shown that motility is essential to initiate colonization of the squid host E. scolopes; however, the genetic bases for their defects have not been determined (19) . In addition, although it is likely that V. fischeri responds to cues within the light-organ environment to modulate flagellum synthesis (45) , nothing is known either about these signals or about the mechanisms of flagellar gene transcription in this species. Thus, an investigation of flagellar gene regulation in V. fischeri would enhance our understanding of the biology of their symbiosis.
Flagellar regulation in Vibrio species. We describe here the cloning, sequencing, and characterization of flrA, a flagellar transcriptional regulator gene in V. fischeri. FlrA belongs to the same subclass of transcriptional regulators as its homolog in V. cholerae, which has been shown to control the expression of flagellar genes transcribed by the alternative sigma factor, 54 (RpoN). In V. cholerae, transcription of flagellar genes is arranged in a hierarchical fashion comprised of four classes (42) . The 54 -dependent transcriptional activator FlrA is the sole class I gene and is required for expression of class II, III, and IV genes, which together encode the flagellar secretion apparatus, flagellin subunits, and regulatory proteins (42) . Analysis of the flrA locus in V. fischeri revealed a similar genetic arrangement to that of V. cholerae and V. parahaemolyticus (Fig.  1) . In addition, putative 54 consensus binding sequences within the regulatory regions of flagellar operons were identified (Fig. 3) , and transcription of a flagellin gene (flaA) by FlrA is dependent on the presence of 54 (K. L. Visick and D. S. Millikan, unpublished data). Furthermore, the flrA mutants generated in this study, as well as an rpoN mutant (A. J. Wolfe, E. J. Simel, and K. L. Visick, Abstr. Gen. Meet. Am. Soc. Microbiol. 1999 Microbiol. , p. 388, 1999 , are nonmotile. Thus, it is likely that V. fischeri motility is governed by a regulatory hierarchy similar to that described for V. cholerae and V. parahaemolyticus.
Interestingly, in V. fischeri, unlike V. cholerae and V. parahaemolyticus, loss of flrA function results in a completely nonmotile phenotype (Fig. 4A ). An in-frame deletion mutant of flrA in V. cholerae has been reported to display an unusual behavior; after prolonged incubation in soft agar, a small num- (29) . Similarly, insertional disruptions of the flrA homolog in V. parahaemolyticus at the position of the sequence encoding either amino acid 37 or 216 resulted in a slow-motility phenotype (52) . In contrast, while they contained deletions, or insertions at positions similar to those of the V. parahaemolyticus mutants, the flrA mutants described in this study (Table 1) were completely nonmotile. One might hypothesize that there is read-through transcription of the downstream class II genes flrBC or flaLM in the V. cholerae and V. parahaemolyticus mutants (33) . However, this notion is inconsistent with the most recently published model of regulation in V. cholerae, in which FlrA and 54 together coordinate transcription of additional required structural components independently of FlrBC (42) . Further studies are necessary to more clearly define the flagellar regulon in V. fischeri and to compare it to that of other Vibrio species.
Host colonization by flrA mutants. In this study, we present evidence that at least some of the cells populating the light organ remain motile well beyond the initiation of the association. Perhaps having subpopulations involved in motility behavior confers a symbiotic advantage on V. fischeri. In certain pathogenic bacteria, motility must be switched off in order for the organism to express virulence genes and cause disease (11, 47) , while other bacteria in persistent associations continue to elaborate flagella throughout colonization (13) . It would be interesting to determine if either of these mechanisms plays a role in the symbiotic light-organ association described here. From our studies, the motility regulator FlrA in V. fischeri controls the expression of genes that are seemingly unrelated to motility (Table 3) . Future work will address whether these genes encode proteins required for symbiotic colonization and whether colonization is dependent on the repression of flagellar synthesis.
The observation that flrA mutants were unable to initiate colonization of juvenile squids was not surprising, because motility is essential for colonization (19) . However, it was unexpected that complemented mutant strains were unable to maintain a normal persistent association. Unlike results from complementation of mutations in other genes (12, 21, 55, 59) , both the flrA-complemented insertion and in-frame deletion mutants were less effective at colonizing the squid light organ. That is, when animals were exposed to either of the complemented mutant strains, fewer became luminous, and those that did became colonized to only 2% of the level of animals inoculated with the wild-type strain carrying the complementing plasmid (Table 2 ). In contrast, motility of the complemented mutant strains in culture was comparable to that of the wildtype strain (Fig. 4A ). These results suggest several possible explanations: (i) proper expression of a particular motility behavior, undetectable in our in vitro assay, is necessary for normal colonization; (ii) the presence of multiple copies of flrA, without a functional copy in the chromosome, results in expression of the flagellar regulon under inappropriate conditions; or (iii) FlrA regulation of additional colonization factors is adversely affected by multiple copies of the flrA gene in trans. Unlike previous studies in which an increase in flagellum number contributed to a defect in V. fischeri colonization (36), the complemented flrA mutant strain exhibited a similar number of flagella to the wild type. Furthermore, whereas these hyperflagellated strains continued to overexpress flagella even when grown on a solid surface (36) , the complemented flrA mutant apparently repressed flagellar elaboration to the same degree as the wild-type strain. In this report, we demonstrate that FlrA regulates the expression of genes that are seemingly unrelated to motility (Table 3) . It would be interesting to determine whether these gene products are required for symbiotic colonization and whether their expression is sensitive to flrA gene dosage or location. In any case, it is apparent that symbiotic colonization by V. fischeri is dependent on the proper expression of the flagellar regulon.
In V. cholerae, both flrA and flrC mutants were defective for colonization to a greater extent than a nonmotile flaA (encoding an essential flagellin subunit) strain, suggesting that FlrA and/or FlrC are responsible for the expression of additional, unknown colonization genes in this organism (10) . However, it is not possible to make such a direct comparison between upstream (flrA) and downstream motility mutants in V. fischeri, because motility is an absolute requirement for its colonization behavior. Nevertheless, by using inducible constructs (58) to complement these mutants, we hope to evaluate whether expression of these genes is important after colonization has been initiated. Such studies may indicate that the FlrA-regulated genes identified in this study play a central role in squid colonization.
FlrA-regulated genes in V. fischeri. We used RAP-PCR to identify a subset of differentially expressed genes in V. fischeri. As predicted, this approach identified a transcript containing sequence similarity to genes encoding flagellin subunits. Additional FlrA-regulated genes known to be required for motility are likely to be identified with a greater number of primer combinations. Our results not only provide evidence of differentially expressed genes in the flagellar regulon but also suggest useful candidates for positive controls in future microarray expression studies. Because FlrA is located at the top of the flagellar hierarchy of gene transcription in Vibrio species, it is possible that some of the genes identified in this study are directly controlled by FlrC or other downstream regulators whose expression is modulated by the presence of FlrA.
Two of the differentially expressed fragments identified in this study are similar at the amino acid level to the DNArelaxing enzyme TopB (Table 3) . In E. coli, the NtrC-activator protein-binding site can be substituted with an element containing an intrinsic supercoil structure (8) . Thus, the expression of flagellar genes by NtrC-like regulators (e.g., FlrA) might depend on the supercoil state of some promoters. For example, transcription of the flaB flagellin of Helicobacter pylori is sensitive to DNA supercoiling and may be coordinately regulated with the topA gene (48, 53) . Furthermore, FlgR, the FlrA homolog in H. pylori, is cotranscribed with gyrA, the gene encoding subunit A of DNA gyrase, suggesting that genes whose products control DNA topology are coordinately regulated with flagellar genes in this organism as well.
Another differentially expressed transcript in the V. fischeri flrA mutant encodes a polypeptide (here designated HvnC) whose closest homolog in GenBank is the halovibrin protein HvnA of V. fischeri. It has been speculated that this protein and its ortholog HvnB act as signaling molecules (43, 44 (50); thus, the discovery of this third halovibrin-like gene was unexpected, and its protein product apparently either displays no detectable NADase activity or is expressed at very low levels under laboratory culture conditions. Furthermore, whereas the double mutant was capable of infecting squids normally, it is interesting to speculate that perhaps HvnC is important during animal colonization. Interestingly, we have identified hvnC transcript from RNA extracted from colonized animals at 18 h postinoculation (data not shown), suggesting that hvnC is transcribed by bacterial cells at least within the light-organ environment.
In conclusion, we have identified a transcriptional regulator of flagellar synthesis in V. fischeri and have shown that it is required for the expression of motility. Furthermore, by comparing expression patterns of the wild-type and flrA mutant strains, we have discovered additional FlrA-regulated genes. Future studies will focus on determining the role of these proteins in light-organ colonization and symbiotic development by V. fischeri.
